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Cadmium-induced expression of immediate early genes in LLC-PK1
cells. To identify molecular mechanisms underlying renal cell damage by
cadmium, the effect of this heavy metal on the level of immediate early
genes (lEGs) transcripts in LLC-PK1 cells was studied. Cadmium chloride
(CdCI2) induced the expression of four lEGs examined, but with differing
time courses. The level of c-fos mRNA peaked at 30 minutes, and then
decreased. The levels of c-jun and c-myc transcripts reached a maximum
at one hour, and remained elevated up to four hours. Egr-1 mRNA level
peaked at one hour, and returned to the control level by three hours.
Experiments with cycloheximide and actinomycin D showed, respectively,
that induction of lEGs by cadmium occurred in a protein synthesis-
independent and transcriptional activation-dependent manner. Cadmium
induction of c-fos mRNA was reduced markedly by the intracellular
calcium chelator, bis-(o-aminophenoxy)-ethane-N,N,N',N'-tetraacetic acid
tetra(acetoxymethyl)-ester (BAPTA/AM), and was decreased partially by
a protein kinase C (PKC) inhibitor, 1-(5-isoquinolinylsulfonyl)-2-meth-
ylpiperazine (H-7). These data indicate that lEG induction by cadmium
requires intracellular calcium mobilization and occurs in part by a
PKC-dependent pathway. Exposure of LLC-PK1 cells to CdCI2 (20 j.M for
1 to 24 hr) resulted loss of cell viability and DNA fragmentation, which
was indicative of apoptosis.
Cadmium has a long biological half-life which exceeds 10 years,
and prolonged occupational or environmental exposure leads to
excessive accumulation in the body tissues, especially in the kidney
[1]. Chronic damage to the proximal tubule (PT) by the cumula-
tive effects of cadmium results in an acquired Fanconi syndrome
characterized by excessive urinary excretion of low-molecular
weight proteins, amino acids, calcium, glucose, uric acid and
phosphate, and renal tubular acidosis [2]. However, the molecular
mechanism(s) responsible for cadmium-induced PT damage and
for regeneration of tubular epithelium have not been clarified.
It is important to determine the early cellular responses to
cadmium, which may be involved in the subsequent cadmium-
induced damage or regeneration of PT cells. Growth factors and
other extracellular stimuli have been found to induce rapidly the
expression of a number of specific genes, termed immediate early
or primary response genes. These include c-fos, c-jun and c-myc
proto-oncogenes, Egr-1 (also known as zif/268, NGF-IA, and
Krox-24) gene, and 12-O-tetradecanoylphorbol-13-acetate-induc-
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ible sequence (TIS) genes [3]. Recently it has been reported that
cadmium caused the accumulation of transcripts of immediate
early genes (lEGs): c-jun and c-myc in rat L6J1 myoblasts [4], TIS
genes including c-fos and Egr-1 in Swiss 3T3 fibroblasts [5], and
c-fos, c-jun and c-myc in NRK-49F cells (normal rat kidney
fibroblasts) [6]. In many cases, lEGs encode transcriptional
factors localized to the nucleus [3]. Evidence indicates that lEGs
modify the transcription of target genes and have effects on
cellular proliferation and differentiation [3, 7—9]. Moreover, the
induction of c-fos and c-myc genes are also known to be associated
with apoptosis [10].
However, alterations of lEG expression in PT cells which are
one of the major targets damaged by cadmium poisoning [1, 2]
have not been studied. Furthermore, neither the mechanism nor
biological significance of cadmium-induced lEG expression have
been fully clarified. Nephrotoxic insults such as HgCl2 [11],
gentamicin [12] and thiol-modifying reagents [13] result in the
rapid elevation of intracellular free Ca2 ([Ca2]) in PT cells.
The expression of lEGs has been reported to be regulated by the
intracellular second messenger systems such as Ca2, protein
kinase C (PKC) and cyclic AMP [8, 14—16]. Therefore, we were
interested in examining whether cadmium induces the expression
of lEG in PT cells, and if so, analyzing the mechanism(s) by which
these events occur.
To identify responses and genetic regulatory mechanisms asso-
ciated with cadmium-induced PT cell damage, we determined the
effects of cadmium on the mRNA levels of the lEGs c-fos, c-fun,
c-myc and Egr-1 in LLC-PK1 cells, an established renal epithelial
line with characteristics of PT cells [17]. To begin to elucidate the
pathway involved in lEG induction, the effects of chelation of
[Ca2]1 and inhibition of PKC activity were studied. In this cell
line, we also assessed the effect of cadmium on cell viability and
DNA fragmentation, a parameter of apoptosis.
Methods
Cell cultures
LLC-PK1 cells were obtained from the American Tissue Cul-
ture Collection (ATCC, Rockville, MD, USA), and grown in
medium 199 supplemented with 5% heat-inactivated fetal bovine
serum. Near confluent cells were maintained in serum-free me-
dium for 24 hours prior to each experiment. The cultures were
maintained in a humidified atmosphere of 5% C02, 95% air at
37°C.
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Treatment with CdCI2
The stock solution of cadmium chloride (CdC12) (Sigma Chem-
ical Co., St. Louis, MO, USA) was dissolved in water, sterilized by
filtration, and diluted to the appropriate final concentration in
serum-free medium. LLC-PK1 cells with or without serum-star-
vation were incubated with serum-free medium containing the
appropriate concentration of CdC12 at 37°C. Untreated control
cells (0 LM CdCl2 or 0 minutes) were re-fed with serum-free
medium, and treated identically to the cells exposed to CdC12.
Effects of cycloheximide and actinomycin D
The protein synthesis inhibitor, cycloheximide (Sigma), and the
inhibitor of transcription, actinomycin D (Sigma) were dissolved
in ethyl alcohol and dimethyl sulfoxide (DM50), respectively.
Serum-starved LLC-PK1 cells were incubated with either serum-
free medium (untreated control), cycloheximide (final concentra-
tion; 10 .tg/ml), actinomycin D (5 tgIml), CdCl2 (20 sM), CdCI2
(20 LM) and cycloheximide (10 jsg/ml), or CdC12 (20 M) and
actinomycin D (5 Wml) for one hour.
Pretreatment with BAPTA/AM and H-7
The intracellular calcium chelator, bis-(o-aminophenoxy)-
ethane-N,N,N',N'-tetraacetic acid tetra(acetoxymethyl)-ester
(BAPTA/AM) (Calbiochem, La Jolla, CA, USA) was dissolved in
DMSO. Serum-starved LLC-PK1 cells were preincubated with
BAPTA/AM (30 tLM) or serum-free medium containing the same
volume of DMSO (0.94%) for one hour. After washing with
phosphate-buffered saline (PBS), cells preincubated with and
without BAPTAJAM were treated with CdCl2 (20 jLM) or serum-
free medium for an additional one hour.
The PKC inhibitor, 1-(5-isoquinolinylsulfonyl)-2-methylpipera-
zine dihydrochloride (H-7) (Sigma) was dissolved in water. Se-
rum-starved LLC-PK1 cells were preincubated with H-7 (20 LM)
or serum-free medium for 30 minutes. After washing with PBS,
cells preincubated with and without H-7 were treated with CdCl2
(20 M) or serum-free medium for an additional one hour.
RNA preparation and Northern blot analysis
After the end of the incubation, cells were washed with PBS,
and total RNA was extracted using the single-step acid guani-
dinium-phenol-chloroform method [18]. Twenty microgram RNA
samples in ethidium bromide (0.5 pg'ml) were electrophoresed on
a 1% agarose gel containing 0.22 M formaldehyde, 20 mrvi 3-(N-
morpholino)propanesulfonic acid, 5 m sodium acetate and 1 m
EDTA. After electrophoresis, the ultraviolet light-exposed gel
was photographed to assess the quantity and quality of RNA in
each lane. RNA was transferred from the gel onto a nylon
membrane (GeneScreen Plus, NEN-Du Pont, Boston, MA,
USA), and UV cross linked to the membrane.
Prehybridization and hybridization were performed as de-
scribed previously [19]. For rehybridization with additional
probes, blots were stripped by boiling in 0.01 x SSC/0.01% SDS,
four times for a short duration (5 mm). The intensity of the
autoradiographic bands was quantified by a Biolmage Perfect
Scan 3cx densitometer (Millipore, Bedford, MA, USA). For
mRNA analyses, densitometric values for each transcript in the
linear range were divided by the corresponding values for the
36B4 ribosomal protein transcript (control).
DNA probes
A 9.0-kb EcoRI fragment of the human c-fos DNA was isolated
from the pc-fos-1 clone (ATCC). A 2.6-kb EcoRI fragment of the
mouse c-jun cDNA was isolated from the JAC.1 clone (ATCC). A
4.8-kb BamHI and XbaI fragment of the mouse c-myc DNA was
isolated from the pSVcmycl clone (ATCC). A 3.2-kb EcoRI
fragment of the mouse Egr-1 cDNA was isolated from the zif/268
clone (ATCC). The human 36B4 ribosomal protein cDNA probe
was isolated as a 0.7-kb PstI fragment cloned in pBR322 [19].
Cell viability and DNA fragment assays
Cell viability was assayed by WST-1 (4-[3-(4-Iodophenyi)-2-(4-
nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate) (Boehr-
inger Mannheim GmbH, Germany). The cytoplasmic histone-
associated DNA fragments (mono- and oligonucleosomes) were
determined by the kit which was based on the quantitative
sandwich-enzyme-immunoassay principle (Boehringer Mannheim
GmbH). Serum-starved LLC-PK1 cells were incubated with CdCI2
for 0, 1, 4, 12, 18 and 24 hours at a final concentration of 20 .LM,
and cell viability and DNA fragments were assayed subsequently.
Results
Cadmium induces lEGs expression
To examine the effects of cadmium on lEGs expression in
quiescent cells, cultures of LLC-PK1 cells were deprived of fetal
bovine serum for 24 hours prior to treatment. Subsequent treat-
ment with 20 M CdCl2 caused a marked increase in c-fos, c-jun,
c-myc and Egr-1 mRNA levels in serum-starved LLC-PK1 cells
(Fig. 1). However, the time course of the increases varied between
these mRNAs. The level of c-fos mRNA began to increase by 15
minutes, peaked at 30 minutes, and then decreased gradually, but
remained elevated at four hours. The time course changes of c-jun
and c-myc transcripts were similar. The increase in the c-jun
mRNA began by five minutes and reached a maximal level at one
hour. The level of c-myc mRNA showed an induction by 30
minutes, peaked at one hour, and remained elevated at four
hours. Another lEG member, Egr-1, displayed an induction time
course similar to that of c-fos mRNA. The level of Egr-1 mRNA
began to increase within 15 minutes, peaked at one hour, and
returned to the control level by three hours. The mRNA level of
the control 36B4 ribosomal protein gene was not altered. Like-
wise, the expression levels of the Na/glucose transporter (SGLT-
2), Na/H antiporter (C28) and multiple drug resistance
(MDR-1) transcripts, which encode transporter proteins ex-
pressed in the PT, were not changed during this time course
treatment (data not shown). Thus, the elevated mRNA levels
induced by CdCl2 appeared specific for the lEGs in LLC-PK1
cells. The alterations in the expression of lEGs caused by cad-
mium were similar to those responses evoked by mitogenic
stimulation of quiescent cells in culture [20—23]. The only excep-
tion was that c-fos mRNA did not return to the control level
completely within the period observed in our study.
We sought to determine whether cell growth status affected the
induction of lEG mRNA levels in CdCI2 treated cells. In asyn-
chronous LLC-PK1 cells without serum-starvation, cadmium ex-
posure (ito 20 iM) did not affect the expression level of any of the
lEGs at one hour (data not shown). However, a four hour
exposure to cadmium increased the levels of c-fos, c-jun and c-myc
transcripts in a concentration-dependent manner in these cells
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Fig. 2. Expression of lEG mRNAs in log growth phase LLC-PK1 cells
treated with cadmium. LLC-PK1 cells grown in medium plus serum were
incubated with 0, 1, 2, 5 or 20 tM ofCdCl2 for four hours. Northern blots
were prepared and hybridized with radiolabeled c-fos, c-fun, c-myc and
36B4 (control) probes.
Fig. 1. Time course of induction of lEG mRNAs in semm-starved LLC-PK1
cells treated with cadmium. Serum-starved LLC-PK1 cells were incubated
with 20 .rM CdCI2 from 5 to 240 minutes. Zero minutes is the untreated
control. RNA was isolated at the indicated time, and Northern blots were
prepared and hybridized with radiolabeled c-fos, c-fun, c-myc, Egr-1 and
36B4 (control) probes.
(Fig. 2). Thus, cadmium increased the expression of lEGs in both
quiescent and logarithmic (log) growth phase cells, but the
induction was detectable much earlier in the former condition.
Cycloheximide does not block lEGs induction
We sought to determine whether the increases in the levels of
lEG transcripts in response to cadmium were dependent on
protein synthesis. In these experiments, we treated serum-starved
LLC-PK1 cells with 20 xM CdCl2 for one hour with and without
cycloheximide (10 rgIml). Simultaneous treatment with cadmium
and cycloheximide neither abolished nor decreased the accumu-
lation of c-fos, c-fun, Egr-1 (Fig. 3 A, B), and c-myc (data not
shown) transcripts. This demonstrated that the increases in lEGs
mRNA levels in response to cadmium are not dependent on
protein synthesis. Cycloheximide alone caused a marked increase
in c-fos, c-jun and Egr-1 mRNA levels in LLC-PK1 cells (Fig. 3 A,
B). This is in agreement with previous findings which showed that
cycloheximide alone resulted the accumulation of proto-oncogene
transcripts in other cell types [4, 6, 22, 24]. Cycloheximide alone,
however, did not cause an increase in the level of c-myc transcript
(data not shown). Superinduction of c-myc by cycloheximide has
been reported in cadmium-treated rat L6J1 myoblasts [4] and
NRK-49F cells [6]. A difference in the regulation of c-myc
expression or the stringency of protein synthesis inhibition be-
tween cell types [25] could account for the failure to observe the
response of c-myc to cycloheximide alone in LLC-PK1 cells.
Nonetheless, our results showed clearly that the induction of the
expression of all four lEGs by cadmium does not depend on
protein synthesis.
Actinomycin D blocks lEGs induction
To examine whether the increases in the levels of lEG tran-
scripts in response to cadmium were dependent on transcriptional
activation, serum-starved LLC-PK1 cells were treated with 20 .tM
CdCl2 for one hour with and without actinomycin D (5 g/ml). As
shown in Figure 4, treatment with actinomycin D abolished the
cadmium-induced accumulation of c-fos, c-fun, c-myc and Egr-1
mRNAs completely. Therefore, we concluded that cadmium-
induced lEGs expression was due primarily to the transcriptional
activation and not increased stability of these mRNAs. However,
based on these data, we cannot entirely rule out that increased
stabilization of transcripts is also involved in the elevated lEG
mRNA levels.
Involvement of [Ca2]1 and PKC in c-fos induction
The regulatory mechanisms underlying the transcription of the
c-fos proto-oncogene have been studied extensively, and it is well
established that both [Ca2]1 mobilization and PKC activation
lead to an accumulation of this transcript [8, 14, 15]. We therefore
examined whether these two pathways are involved in cadmium-
induced c-fos expression in LLC-PK1 cells. To block the increase
in [Ca2]1, we pretreated quiescent LLC-PK1 cells with an intra-
cellular Ca2 chelator, BAPTA/AM. We found that pretreatment
with BAPTA/AM caused a slight, reproducible increase (1.4-fold)
in the c-fos mRNA level (Fig. 5A). In these experiments, cells
exposed to cadmium alone showed a fourfold elevation in the
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Fig. 3. Expression of lEG mRNAs in serum-
starved LLC-PK1 cells treated with cadmium and
cycloheximide. Serum-starved LLC-PK1 cells
were incubated with medium (Control), 10 j.tg/
ml cycloheximide (CHX), 20 tM CdCI2 (Cd) or
both (Cd + CHX) for one hour. Northern blots
of c-fos and 36B4 mRNAs (A) and of c-jun,
Egr-1 and 36B4 mRNAs (B) are separate
experiments.
requires the mobilization of [Ca2]1. On the other hand, cadmi-
um-treated (20 M X 1 hr) cells preincubated with the PKC
inhibitor, H-7, showed a partial increase (2.5-fold) in the c-fos
mRNA level. These results suggest that in LLC-PK1 cells the
increase in the c-fos mRNA level evoked by cadmium occurs by a
PKC-dependent pathway, but only partially.
Cadmium induces apoptosis
We sought to assess the effect of CdCl2 treatment on cell
viability and apoptosis. No effect on cell viability as assayed by a
WST-1 assay was observed until four hours exposure to 20 xM
CdC12. Thereafter, viability declined to approximately 50% at 18
and 24 hours (Fig. 6). Increases in cytoplasmic nucleosomes were
observed, but subsequent to loss of cell viability. No increases in
cytoplasmic nucleosomes were observed until 18 hours. At this
time, the cytoplasmic nucleosomes peaked at a tenfold increase.
At 24 hours, the level of nucleosomes was waning, but still
elevated approximately fivefold. Thus, prolonged exposure to
cadmium decreased viability, accompanied by DNA fragmenta-
tion which is characteristic of apoptosis.
Discussion
Fig. 4. Expression of lEG mRNAs in serum-starved LLC-PK1 cells treated
with cadmium and actinomycin D. Serum-starved LLC-PK1 cells were
incubated with medium (Control), 5 sg/ml actinomycin D (AcD), 20 .LM
CdCl2 (Cd, duplicate) or both (Cd + AcD, duplicate) for one hour.
level of c-fos mRNA (Fig. 5 A, B). However, in BAPTA/AM
pretreated cells, cadmium (20 jM X 1 hr) did not result in a
significant induction of c-fos mRNA compared to cells treated
solely with BAPTA/AM (Fig. 5 A, B). These data indicate that the
induction of c-fos expression by cadmium in LLC-PK1 cells
This study demonstrated that CdC12 induced the expression of
the lEGs c.fos, c-fun, c-myc and Egr-1 in LLC-PK1 cells, a renal
epithelial cell line with PT characteristics. Moreover, we also
observed increases in lEG mRNA levels in OK cells, another
renal epithelial cell line (data not shown). Our results are
consistent with previous findings which showed that cadmium
induced the accumulation of lEGs mRNA in other non-epithelial
cell types (c-jun and c-myc in rat L6J1 myoblasts [4], c-fos and
Egr-1 in Swiss 3T3 fibroblasts [5], and c-fos, c-jun and c-myc in
NRK-49F fibroblasts [6]). The only notable difference between
our findings and these studies was with respect to the L6J1
myoblasts. In contrast to LLC-PK1 cells, L6J1 cells treated with
CdC12 (5 jxM for 1 to 24 hr) did not show an induction of c-fos,
although c-jun and c-myc were increased [4]. In LLC-PK1 cells
cadmium-induced accumulation of lEG transcripts was abolished
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Fig. 5. Effects of BAPTA/AM and 1-1-7 on c-fos
induction by cadmium in serum-starved LLC-PK1
cells. Serum-starved LLC-PK1 cells were
preincubated with 30 M BAPTAJAM
(BAPTA) or medium for one hour, or with 20
sM H-7 or medium for 30 minutes. Cells then
were incubated with medium (Control, BAPTA,
and H-7) or 20 sM CdC12 (Cd, BAPTA + Cd,
and H-7 + Cd, duplicate each) for one hour.
(A) Northern blots. (B) Densitometric analysis
of Northern blots in Panel A. Each value of
c-fos mRNA represents the fold increase with
respect to control, BAPTA or H-7 after
normalization with 36B4 ribosomal protein. The
bars (from left) correspond to lanes 3 to 6 and
lanes 9 to 12 in Panel A.
by actinomycin D, but not cycloheximide. These results agree well
with findings in other cell types [4—6], and indicate that lEG
induction by cadmium occurred in a protein synthesis-indepen-
dent and transcriptional activation-dependent manner. We also
found that cadmium-induced lEGs expression in LLC-PK1 cells
was detected much earlier in quiescent serum-starved cells than in
cultures supplemented with serum (Fig. 1 and data not shown).
Cells in a quiescent state may respond more readily to signals
which induce lEGs than log-phase growing cells. This is in accord
with a previous finding in which the c-fos gene responded to
platelet-derived growth factor (PDGF) only when cells were in a
state of G0 at the time of PDGF addition [26].
The lEGs such as c-fos, c-jun and c-myc are regarded to have
important roles in the control of cellular proliferation and differ-
entiation based on their rapid and transient induction by growth
factors in quiescent fibroblasts [20—22], as well as information
about their roles as transcription factors [3]. It has been reported
that regenerative hyperplasia in rabbit kidney induced by folic
acid resulted in a rapid induction of c-fos and c-myc [27].
Nephrotoxic insults such as oxidative stress [28] and S-(1,2-
dichlorovinyl)-L-cysteine [29] have been found to induce the
expression of lEGs in PT cells. In LLC-PK1 cells, low concentra-
tions of cadmium (less than 10 j.M) stimulated DNA synthesis
[30]. These findings and the results reported herein indicate that
the expression of lEGs may be a genetic response to acute
damage which contributes to cellular regeneration via prolifera-
tion. With respect to in vivo studies, renal ischemia followed by
reperfusion also caused the rapid accumulation of c-fos and Egr-1
mRNAs in mouse [31] and rat [32, 33] kidney. However, it is
somewhat controversial at least at the protein level as to whether
the distribution of c-fos and Egr-1 in the kidney correlates with
the degree of ischemic injury in the organ [34, 35]. Therefore, the
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Time, hours
Fig. 6. Effects of cadmium on cell viability and DNA fragments. Serum-
starved LLC-PK1 cells were incubated with 20 LM CdCI2 from 1 to 24
hours. Zero minute is the untreated control. Each value of cell viability (0,
mean of 6 experiments) and nucleosomes (S. mean of triplicate) repre-
sents the percentage of control and the fold increase with respect to
control, respectively.
expression of lEGs in the kidney of cadmium treated animals
merits further assessment.
It has been postulated that induction of lEG expression subse-
quently activates transcription of target genes involved in medi-
ating long-term responses [8, 141. The lEG proteins, c-fos and
c-jun possess leucine zipper domains which permit the formation
of a heterodimeric activator protein (AP-1) [7, 9]. Genes possess-
ing AP-1 binding sites, such as human metallothionein ha and
collagenase, appear to be targets for transcriptional activation by
AP-1 [9]. Since the metallothionein level is an important deter-
minant in response to cadmium and other heavy metals [1], rapid
induction of lEGs expression may mediate protective effects. The
c-rnyc and Egi—1 proteins which are transcription factors with
helix-loop-helix [36] and zinc finger [23] motifs would be expected
to regulate a different set of target genes. It is predicted that these
target genes also may contribute to protective cellular responses
to cadmium and other nephrotoxicants.
In addition to synthesis of proteins which protect the cell, the
rapid, marked induction of lEGs expression in response to
cadmium and other nephrotoxicants may activate pathways to
eliminate damaged cells. It has been documented that apoptosis is
associated with the induction of the lEGs c-fos and c-myc,
indicating that the processes of cell death and proliferation to
some degree share common signal pathways [10]. We found that
cadmium-induced cell death was accompanied by elevated cyto-
plasmic nucleosomes in LLC-PK1 cells. These results are consis-
tent with other findings which show that cadmium induced
apoptosis in the CEM-C12 human T cell line [37], and in the PT
of rats subjected to subchronic cadmium intoxication [38]. Since it
has been reported that antisense oligonucleotides directed against
c-fos and c-jun mRNAs can protect cells from apoptosis [39], it
would be of future interest to assess whether cadmium-induced
lEGs expression exerts a role in PT cell death.
To understand the effects of cadmium, particularly in kidney
cells, it is important to clarify the signal transduction pathway(s)
by which lEG expression is induced. There is substantial evidence
that the regulation of lEG expression involves the major intracel-
lular second messenger, Ca2 [14]. Consistent with this, our
results indicate that cadmium-induced c-fos expression in LLC-
10 - PI(1 cells depends on [Ca2], since c-fos induction was blocked by
chelation of [Ca2}. Similar involvement of [Ca2]4 has been
8 reported in the induction of c-fos after oxidative stress [28] and
hsp7O after heat shock [40] in primary cultures of rat PT cells.
6 Intracellular calcium has been shown to increase in PT cells
derived from several species in response to other sources of injury,
such as HgCl2 [11], gentamicin [12], and modification of cellular
thiols [13]. Although the effects of cadmium on [Ca2]1 in PT cells
2 have not previously been examined, Smith et al [41] reported that
cadmium rapidly increases inositol trisphosphate (InsP3) and
Z [Ca2] in cultured fibroblasts. Furthermore, their data suggested
that cadmium triggers Ca2 mobilization via the interaction with
an external site on the cell surface, which may be considered a
"Cd2 receptor" [41]. Since cadmium is a potent Ca2 channel
blocker [42], the increase in [Ca2] seems to result from its
release from the endoplasmic reticulum by InsP3 [43] rather than
a flow of extracellular Ca2. Collectively, these available data and
our findings suggest that the mobilization of [Ca2] following the
stimulation of the cell surface by cadmium plays an essential role
in lEG induction, at least for c-fos, in LLC-PK1 cells.
In contrast to [Ca2]1, the role of PKC in the induction of lEGs
by cadmium appears more variable. The PKC-inhibitor H-7, but
not the inhibitor of protein kinases A/G HA-1004, prevented the
accumulation of c-myc mRNA in cadmium-treated NRK-49F
cells, indicating the involvement of PKC specifically [6]. Nuclear
PKC has been reported to be activated by cadmium in 3T3!10T½
mouse fibroblasts [44]. In contrast, the down-regulation of PKC
did not affect cadmium-induced expression of Egr-1 and TJS11
genes in Swiss 3T3 cells [5]. These results suggest that the role of
PKC in the induction of lEGs by cadmium varies between
different cells. Our investigations showed that in LLC-PK1 cells
the PKC-inhibitor H-7 partially reduced c-fos induction by cad-
mium. Similar to our findings, in rat PT epithelium two PKC-
inhibitors, H-7 and staurosporine, only partially inhibited the
induction of c-fos by oxidative stress [28]. In this study, 2-ami-
nopurine, which inhibits a broader spectrum of protein kinases was
effective at almost completely abolishing oxidative stress induction of
c-fos [28]. Therefore, other protein kinases in addition to PKC
appear to be involved in the induction of lEGs by cadmium and
other damaging agents in the PT cell studies [this study and 28].
In summary, our data show that cadmium induced the expres-
sion of the lEGs c-fos, c-jun, c-myc and Egr-1 in the LLC-PK1 cell
line. Induction of lEG mRNA levels by cadmium occurred in a
protein synthesis-independent and transcriptional activation-de-
pendent manner, required the mobilization of [Ca2]1 and par-
tially involved a PKC-dependent pathway. Treatment of LLC-PK1
cells with CdCl2 also resulted in apoptosis. Given evidence linking
lEGs with cell proliferation and death processes, our results in
LLC-PK1 cells suggest that induction of lEGs by cadmium may be
associated with renal damage and/or regeneration. Additional
studies, including those in animal models, will be important to
further reveal the pathophysiological consequences of cadmium-
induced lEG expression in PT cells.
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